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INTRODUCTION 
 
Gait and balance disturbances are major concerns for 
older people and have been related to multiple factors 
and disorders [1–5]. Cerebral small vessel disease (SVD) 
has been particularly implicated in the etiology of gait 
problems [6–8]. In a cross-sectional study of community-
dwelling healthy older people we found that brain 
volume and white  matter  hyperintensity (WMH) volume 
 
were each independently associated with gait speed [9]. 
Furthermore, WMH burden was the major contributor 
for gait impairment within a global SVD score, com-
prising WMH, microbleeds, lacunes and enlarged 
perivascular spaces [9]. Associations between the same 
brain variables and chair-stands or balance function 
were limited, possibly due to either a low impact of 
SVD or the low sensitivity of these applied tests in 
healthy older people.  
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ABSTRACT 
 
We aimed to assess whether and how changes  in brain volume and  increases  in white matter hyperintensity
(WMH) volume over three years predict gait speed and its change independently of demographics, vascular risk
factors and physical status. We analyzed 443  individuals from the Lothian Birth Cohort 1936, at mean age 73
and 76 years. Gait speed at age 76 was predicted by age, grip strength and body mass  index at mean age 73,
three‐year  brain  volume  decrease  and WMH  volume  increase,  explaining  26.1%  of  variance. Decline  in  gait
speed to age 76 was predicted by the same five variables explaining 40.9% of variance. In both analyses, grip
strength and body mass  index explained the most variance. A clinically significant decline  in gait speed (≥ 0.1
m/s per year) occurred in 24.4%. These individuals had more structural brain changes. Brain volume and WMH
changes were independent predictors of gait dysfunction and its three‐year change, but the impact of malleable
physical factors such as grip strength or body mass index was greater. 
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Studies investigating the role of SVD in a longitudinal 
manner showed that initial WMH burden was 
associated with the subsequent development and 
severity of gait and balance dysfunction [7,10–16].  
 
Only a few studies have investigated the association of 
WMH progression with increasing gait or mobility 
dysfunction [10,17,18]. In one study of 104 cognitively 
intact individuals aged 65 and older, WMH progression 
was associated with decreased gait performance over 
time, but no association with balance function was 
reported [17]. By contrast, in a study of 77 community-
dwelling individuals aged 75 and older, WMH progress-
sion correlated with decreased mobility performance 
changes assessed by the chair-stands test, but not with 
gait [18]. A large longitudinal population-based study in 
225 individuals aged 60 to 86 showed that WMH 
increase and brain atrophy were associated with gait 
decline [10]. These three previous longitudinal studies 
included individuals with a wide age-range of several 
decades and highlight how multiple variables, such as 
age, infarcts or brain volume, may modify associations 
between WMH increase and gait decline [10,17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, we attempted to complement this 
information in a comprehensive analysis of longitu-
dinal data from the Lothian Birth Cohort 1936 
(LBC1936) which comprises generally healthy 
community-dwelling older people with a narrow age 
range. Based on our cross-sectional analysis [9], we 
focused specifically on the association between gait 
speed and changes in brain volume and in WMH 
volume, in addition to demographics, vascular risk 
factors and physical status. 
 
RESULTS 
 
Sample characteristics 
 
Table 1 gives information on the demographics, 
physical, vascular risk factor variables, gait and balance 
function and MRI characteristics of the study sample at 
baseline and follow-up. Height and grip strength 
decreased over the three years of follow-up. The 
number of individuals reporting leg cramp, arthritis, 
high blood pressure, diabetes and high cholesterol 
increased from baseline to follow-up. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Demographics, physical variables, vascular risk factors, gait and balance function and 
MRI characteristics of the study sample.  
Demographics Baseline N=443 Follow-Up  
Sex, male, N (%) 244 (55.10)   
Age in years 72.52 (0.69) 76.29 (0.65) <0.001 
Physical factors Baseline N=443 Follow-Up p 
Height (FUP N= 442) 166.82 (8.98) 166.22 (8.92) <0.001 
Grip Strength (FUP N= 442) 29.01 (9.23) 27.69 (9.53) <0.001 
Leg cramp, N (%) 169 (38.10) 204 (46.00) <0.001 
Arthritis, N (%) 206 (46.50) 215 (48.50) <0.001 
Vascular risk factors Baseline N=443 Follow-Up p 
Smoking (current), N (%)(FUP N= 442) 30 (6.77) 28 (6.33) 0.480 
High Blood Pressure, N (%)(FUP N= 442) 219 (49.40) 249 (56.33) <0.001 
Diabetes, N (%) 42 (9.50) 55 (12.40) <0.001 
High Cholesterol, N (%) (FUP N= 440) 184 (41.50) 211 (47.95) <0.001 
BMI (FUP N= 442) 27.67 (4.07) 27.62 (4.26) 0.486 
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Mean gait speed decreased significantly across the three 
years and the magnitude of change was on average 
about one-third of a standard deviation. At baseline 
(mean age 73), gait impairment with a walking speed 
below 1.0 m/s was observed in 5.0 % (N=22) and at 
follow-up (mean age 76) in 10.4% (N=43). Gait speed 
declined clinically significantly (≥ 0.1 m/s per year) in 
108 participants (24.4%). Performance on the chair-
stands test did not significantly change over the three 
years of follow-up, but performance on the standing 
balance test significantly decreased (p < 0.001). 
 
Brain volume significantly decreased and WMH 
volume significantly increased across the three years 
(Table 1). Brain volume change and WMH progression 
did not correlate (r = -0.032; p = 0.502). 
 
Prediction of gait speed at age 76 
 
The regression model revealed that age, grip strength and 
BMI at baseline, brain volume decrease and WMH 
increase independently contributed to the prediction of 
gait speed at age 76, explaining in total 26.1% of 
variance. Age, grip strength and BMI at baseline were the 
strongest predictors, explaining together 23% of the 
variance in gait  speed,  whereas  volume  changes  of  the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
brain and WMH added little (1.6 and 1.5% respectively) 
to explaining the variance in gait speed. For further 
details please see Table 2.  
 
Prediction of changes in gait speed 
 
The regression model revealed that gait speed, grip 
strength and BMI at baseline, brain volume decrease 
and WMH increase independently contributed to 
changes in gait speed between age 73 and 76, 
explaining in total 40.9% of variance. Gait speed at 
baseline was the strongest predictor (33.1%) and 
volume changes of the brain and of WMH added little 
(1.3% and 1.1% respectively) to explaining the variance 
in gait speed (Table 3). Including duration of follow-up 
in the regression analyses did not change the results 
(data not shown). 
 
Differences of individuals with vs. without clinically 
significant gait decline 
 
Individuals with a clinically significant gait decline 
between 73 and 76 years as defined by a decrease of 
gait speed of >-0.1 m/s per year had walked faster and 
were slightly younger at baseline but showed no other 
significant differences in any of the variables assessed 
Gait Speed and Balance function Baseline Follow-Up p 
6 meter walk time (sec) 4.15 (1.01) 4.56 (1.27) <0.001 
Gait speed (m/sec) 1.52 (0.34) 1.40 (0.35) <0.001 
Chair-Stands (sec) (FUP N=420) 13.11 (3.77) 13.01 (4.13) 0.607 
Standing balance score= 4; N (%) (FUP 
N=441) 
391 (88. 30) 367 (83.22) <0.001 
Gait impairment: speed < 1.0 m/s N=22 (5.0%) N=43 (10.4%)  
MRI characteristics Baseline Follow-Up  
Brain Volume (cm³) 995.46 (92.50) 976.53 (90.53) <0.001 
WMH Volume (cm³) 11.75 (11.73) 15.62 (14.52) <0.001 
Old infarcts  53 (12.0%)   
Lacunes (1 or more) 25 (5.6%)   
PVS (grade 2-4 in BG) 176 (39.7%)   
CMB 49 (11.1%)   
Sample  characteristics  are  presented  as  mean  and  standard  deviation  (SD  in  brackets),  or  number  of 
individuals (N) and percentage (%). FUP = 3 year follow‐up, N = number of participants.  
BG= basal ganglia, CMB= cerebral microbleeds, PVS= perivascular spaces 
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(Table 4). The time interval between their baseline and 
follow-up assessment was slightly longer than that of 
individuals whose change in gait speed did not reach the 
level of a significant decline. Individuals with clinically 
significant changes in gait speed showed bigger changes 
in gait speed and also showed larger changes at the 
chair-stands test. Furthermore, individuals with a 
clinically significant gait decline showed a greater 
reduction of normalized brain volume and increase in 
WMH volume. Changes in all other variables were non-
significant (Table 4). Comparable results were obtained 
when performing these analyses after exclusion of 
individuals with gait impairment at baseline (N=22). 
 
Sensitivity analysis excluding individuals with a 
history of stroke 
 
Out of 443 individuals, 28 reported a history of stroke at 
baseline during the medical interview. In the entire 
sample, history of stroke did not  contribute  to  the  pre- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
diction of decline in gait impairment (p = 0.106). 
Sensitivity analysis for 415 individuals without a self-
reported history of stroke revealed identical findings 
showing that age (p = 0.021; R² = 5.0 %); grip strength 
(p < 0.001; ∆R ²= 9.7 %), BMI (p < 0.001; ∆R² = 5.0 
%), brain volume change (p = 0.006; ∆R² = 1.4 %) and 
WMH increase (p = 0.001; ∆R² = 1.9%) predicted gait 
speed at mean age 76, explaining 23.0% of variance. 
Results for changes in gait speed were identical for the 
sample excluding those with a history of stroke (R² = 
47.1 %), (gait speed at baseline p < 0.001; R² = 42.3 %, 
grip strength p < 0.001; R² = 2.2 %, BMI p = 0.005; R² 
= 0.5 %, brain volume change p= 0.003; R² = 1.1 %, 
WMH volume change p = 0.004; R² = 1.0 %). 
 
DISCUSSION 
 
This three-year longitudinal study shows that even in 
generally healthy community-dwelling individuals with 
a narrow age-range, changes in brain and WMH volumes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Results of hierarchical regression models to predict changes in gait speed.  
Gait speed (sec) R² β (95% CI) βj p 
Gait speed (sec)* 33.1 0.449 (0.364 to 0.533) 0.434 <0.001 
Grip Strength (kg)* 36.7 (3.6) 0.008 (0.003 to 0.013) 0.221 <0.001 
BMI* 38.5 (1.8) -0.013 (-0.019 to -0.006) -0.149 <0.001 
BV Change 39.8 (1.3) 3.101 (1.104 to 5.099) 0.114 0.002 
WMH Change 40.9 (1.1) -14.029 (-23.265 to -4.794) -0.111 0.003 
Adjusted R² (explanation of variance), betas (β), and confidence intervals (CI) and standardized beta‐
values (βj) are presented for significant findings only. Incremental explanation of variance is shown in 
brackets as delta of adjusted R². BV = brain volume, WMH = white matter hyperintensity volume. 
N=443 
* at baseline with age 73. 
Table 2. Results of hierarchical regression models to predict gait speed at mean age 76.  
Gait speed 
(m/sec) 
 R² β (95% CI) βj p 
Age*  10.6 -0.082 (-0.123 to -0.041) -0.163 <0.001 
Grip Strength*  17.3 (6.7) 0.013 (0.007 to 0.018) 0.339 <0.001 
BMI*  23.0 (5.7) -0.019 (-0.026 to -0.012) -0.223 <0.001 
BV Change  24.6 (1.6) 3.4000 (1.168 to 5.633) 0.125 0.001 
WMH Change  26.1 (1.5) -16.618 (-26.931 to -6.306) -0.132 0.002 
Adjusted R² (explanation of variance), betas (β), and confidence intervals (CI) and standardized beta‐values (βj) 
are presented for significant findings only. Incremental explanation of variance is shown in brackets as delta (∆) 
of adjusted R². BV = brain volume, WMH = white matter hyperintensity volume. N=443 
*at baseline with age 73. 
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over three years were significant and independent 
predictors of gait speed and changes in gait speed. 
However, the comparatively larger impact of malleable 
physical factors such as grip strength or BMI is 
noteworthy and raises the possibility of reducing gait 
dysfunction in older adults with targeted interventions 
and of predicting gait dysfunction with simple office 
tests of grip strength.  
 
Our study more than doubles the data from previous 
longitudinal investigations on the influence of WMH 
progression on gait and balance function [10,17] and 
extends the knowledge base by including baseline gait 
performance, multiple vascular risk factors and physical 
variables. The findings suggest that in community-
dwelling older adults physical variables such as grip 
strength and BMI might be more important than brain 
structural changes, but that both contribute to change in 
gait speed. We observed that  higher  grip  strength  was  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
associated with faster walking at mean age 76 and 
explained 6.7% of gait impairment and 3.6% of changes 
in gait speed. Grip strength has been used as a proxy for 
global physical function, sarcopenia and frailty [19,20]. 
The promotion of muscle strength in older people might 
therefore be a target to reduce gait impairment, although 
further studies are needed in this context. Previous 
cross-sectional findings note that physical activity might 
have the potential to reduce the risk of mobility 
impairment in the older people with mild to severe 
WMH burden [21] and a recent meta-analysis including 
42 studies reports that exercise interventions can 
increase gait speed and help to slow the decrease of gait 
speed or delay its onset [22]. 
 
Furthermore, a higher BMI was related to slower 
walking at mean age 76. This finding is in line with 
findings that increasing BMI over 25 years is associated 
with   worse  late-life  gait  speed  [23].  A  recent  study  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Differences at baseline and differences of change of participants with vs without a priori defined 
significant gait decline (>0.1 m/s per annum). 
Baseline age 73   p Changes  p 
 Decline 
N =108 (24.4%) 
No Decline 
N =335 (75.6%) 
 Decline No Decline  
Sex/male, N (%) 68 (62.96) 176 (52.54) 0.060 NA NA  
Age 72.23 (0.90) 72.63 (1.07) 0.004 3.82 (0.11) 3.79 (0.16) 0.015 
Physical factors       
Height 168.40 (12.75) 166.49 (13.60) 0.131 -0.50 (1.28) -0.50 (1.25) 0.552 
Grip Strength 30.50 (15.88) 29.00 (15.50) 0.394 -1.75 (5.50) -1.00 (4.38) 0.293 
Leg cramp, N(%) 39 (36.11) 130 (38.81) 0.650 21 (19.44) 59 (17.61) 0.448 
Arthritis, N(%) 51 (47.22) 155 (46.27) 0.912 8 (7.41) 32 (9.55) 0.219 
Risk factors       
Smoking, N(%) 9 (8.33) 21 (6.29) 0.615    
HBP, N(%) 49 (45.37) 170 (50.75) 0.376 7 (6.48) 32 (9.55) 0.602 
Diabetes, N(%) 12 (11.11) 30 (8.96) 0.571 5 (4.63) 9 (2.69) 0.517 
HChol, N(%) 45 (41.67) 139 (41.50) 0.975 15 (13.89) 33 (9.85) 0.481 
BMI 27.53 (4.96) 27.19 (4.84) 0.449 0.09 (1.39) 0.02 (1.72) 0.387 
Gait and Balance       
6 meter walk time 
(sec) 
3.60 (0.83) 4.33 (0.99) <0.001 1.59 (0.87) 0.23 (0.69) <0.001 
Gait speed (m/sec) 1.72 (0.52) 1.45 (0.33) <0.001 -0.46 (0.22) -0.03 (0.27) <0.001 
Chair-stands(sec) 12.07 (5.02) 13.04 (4.62) 0.051 0.29 (4.52) -0.27 (4.29) 0.002 
Standing score=4, 
N(%) 
96 (88.9) 295 (88.1) 0.725 5.56% 
decrease 
4.81% 
decrease 
(N=333) 
0.685 
MRI-markers       
Brain Volume* 68.94 (2.79) 69.24 (2.76) 0.173 -1.46 (0.02) -1.07 (0.01) 0.003 
WMH Volume* 0.55 (0.86) 0.51 (0.73) 0.454 0.26 (0.01) 0.17 (0.01) 0.024 
Sample characteristics are presented as median and interquartile range (IQR in brackets) if not otherwise specified. 
Changes for nominal variables are indicated as number of additional participants with a present physical or risk factor 
at follow‐up. 
HBP = high blood pressure, HChol = high cholesterol, *Normalized by intracranial volume in % 
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showed that a high BMI scores (over 30) is associated 
with a higher risk of developing mobility impairment 
[24]. Two longitudinal studies assessing the relationship 
between WMH increase and gait impairment included 
BMI in their regression models, but did not report if and 
to what extent BMI predicted gait impairment [10,18]. 
In addition, physical fitness, as measured by grip 
strength, lung function and six meter walk time, has 
been shown to be a protective factor for structural brain 
ageing in the LBC1936 [25]. 
 
This study also extends several previous longitudinal 
studies which investigated the impact of WMH 
progression on gait impairment and decline by mini-
mizing the confounding effects of age [7,10,11,14,17]. 
 
Callisaya et al. [10] highlight that the relative 
contribution of atrophy and WMH progression 
strengthens the causal relationship between structural 
brain changes and gait decline. However, atrophy [26], 
the burden and increase of WMH [27], the extent and 
decline of gait impairment [3,4] and their associations 
are all influenced by increased age [10]. Hence, a major 
strength of our study is the investigation of a large 
sample with a narrow age range.  
 
Both degenerative and vascular processes have been 
associated with age-related gait impairment in cross-
sectional studies [28]. Interestingly and in line with the 
only previous longitudinal study assessing brain and 
WMH volume change in relation to gait decline [10], 
we found similar but independent contributions of a 
decrease in brain volume and of WMH progression on 
gait impairment and decline. In this context it is also 
noteworthy that the decrease in brain volume and 
progression of WMH in our cohort were comparable to 
prior studies [10,18,29] of individuals with this age-
range.  
 
It is not unexpected that gait speed at baseline is 
associated with gait function three years later. In fact 
baseline gait speed was by far the strongest, positive 
predictor of gait speed at follow up. However, when 
comparing individuals with and without a clinically 
significant gait decline as defined by an annual 
reduction of gait speed of > 0.1 m/s [30,31], i.e. > 0.3 
m/s in our study, those with a significant decline had 
walked faster at baseline. While this may appear 
implausible at first, it probably attests to the fact that 
decline in gait speed is a not a fully linear phenomenon. 
Furthermore, individuals with high gait speed at 
baseline have the largest possibility for change, there-
fore the regression to the mean phenomenon should also 
be considered in this context [32]. Other significant 
differences between individuals without and with a 
significant decline in gait speed were a larger decrease in 
brain volume and increase in WMH volume in the latter. 
Individuals with a significant decline in gait speed also 
had a significantly but only slightly longer time interval 
to follow up assessment. However, including the follow-
up duration in the regression analysis did not influence 
the results of the regression analysis. 
 
Since both stroke [33] and the occurrence of WMH 
have been associated with gait impairment in older 
people, we performed sensitivity analysis excluding 
individuals reporting a history of stroke. In line with a 
previous study, history of stroke did not affect the 
impact of WMH change on gait speed and decline 
[11]. 
 
Given the major impact of gait impairment for older 
adults regarding increased mortality, risk of developing 
dementia or cardiovascular disease, risk of falling and 
functional independence predicting early gait dys-
function and decline is highly desirable [3,30]. In this 
regard our findings suggest that for prediction of gait 
function and decline in healthy older people a simple 
assessment of physical function and of vascular risk 
factors might be sufficient. Although MRI-markers such 
as changes in brain volume and WMH volume 
independently add to the explanation, the expense of an 
MRI-measurement might not be essential regarding 
prediction of gait in large samples.  
 
When interpreting our findings the specific setting of a 
healthy community-dwelling cohort with a follow-up 
duration of only 3 years and thus only small changes in 
all variables needs to be considered. The fact that we 
were able to observe significant associations of brain 
morphologic and physical factors with gait speed and its 
decline therefore attests to the robustness of this 
relation. At the same time this setting entails some 
limitation as we may have not been able to detect more 
subtle relationships with other variables which could 
impact gait speed. Likewise more sensitive and robust 
tests would be needed for similar analysis in regard to 
balance function. 
 
METHODS 
 
Participants 
 
Data from community-dwelling older people who were 
members of the LBC1936 were analyzed [34,35]. More 
detailed information of the recruitment and study 
procedures can be found in Deary et al. [34,35]. We 
included only those individuals who underwent 
comprehensive risk factor assessment and gait and 
balance assessment and brain MRI acquisition at age 73 
(age range = 70.96 to 74.16 years; Wave 2 of the 
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LBC1936 study) and 76 (age range = 74.73 to 77.75 
years; Wave 3). Eight participants were excluded from 
further analyses due to a diagnosis of Parkinson’s 
disease (N=1, Wave 2; N=2 Wave 3) and/or dementia 
(N=6, Wave 3), rendering a final sample of 443 
individuals.  
 
Standard protocol approvals, registrations, and 
patient consents 
 
Ethics permission for the study protocol was obtained 
from the Multi-Centre Research Ethics Committee for 
Scotland (MREC/01/0/56) and from Lothian Research 
Ethics Committee (LREC/2003/2/29). The research was 
carried out in compliance with the Helsinki Declaration. 
All assessments were performed in accordance with 
relevant guidelines and regulations. All participants 
gave written, informed consent. 
 
Vascular risk factor assessment and physical 
examination 
 
An extensive description of all variables obtained for 
the LBC1936 study can be found in Deary et al. [35] for 
clinical and Wardlaw et al. for imaging variables [36]. 
All participants underwent a medical interview and 
physical examination (e.g. height and weight to 
calculate Body Mass Index (BMI kg/m²)). Disease 
history (e.g. self-reported history of stroke), physical 
variables (e.g. self-reported leg cramp when walking or 
in bed at night, self-reported arthritis) and vascular risk 
factors (e.g. smoking, self-reported high blood pressure, 
self-reported diagnosis of diabetes, self-reported high 
cholesterol) were obtained in a structured interview. As 
part of the physical examination we also obtained grip 
strength in the right and left hand using a North Coast 
Hydraulic Hand Dynamometer (JAMAR) and used 
overall grip strength in kg (best of three trials of the 
right and left hand) for our analyses. 
 
Assessment of gait and balance function 
Gait speed was assessed by the six-meter walk test, a 
common assessment used in research studies to access 
physical function [37]. Participants were asked to walk 
as quickly as possible with the use of a cane or walker if 
appropriate. Gait speed was measured in meters/second. 
Gait impairment was defined as a gait speed < 1.0 m/s, 
as this cut-off was suggested to identify persons with a 
high risk of health-related lower extremity limitations 
and hospitalization [30,38] and clinically significant 
gait decline was defined as >-0.1 m/s per annum, as this 
decline was related to survival rates in a large pooled 
analysis of nine cohort studies [30,31]. Furthermore, 
two subtests (chair-stands and standing balance) of the 
Short Physical Performance Battery were applied as 
described earlier [39]. In brief, the chair-stands test 
assesses how long (seconds) it takes the participant to 
stand up and sit down as quickly as possible five times 
without stopping. The test of standing balance includes 
side-by-side, semi-tandem, and tandem stands which are 
scored from 1 to 4 points, reaching 4 points indicates 
the best standing balance performance.  
 
Brain MRI acquisition 
 
The brain imaging protocol for the study has been 
described previously [36]. All participants were scanned 
on a General Electric 1.5 T clinical MRI scanner (Signa 
Horizon HDx) operating in research mode. For this 
study, we used axial T2-, T2*-, fluid-attenuated inversion 
recovery (FLAIR) and T1-weighted sequences. 
 
Assessment of brain volume and WMH volume 
 
Intracranial (ICV), whole brain, and WMH volumes 
were assessed in mL using a validated multispectral 
image processing method that combines T1-, T2-, T2*-, 
and FLAIR-weighted MRI sequences for segmentation 
[40]. All sequences were coregistered and tissue 
volumes estimated by cluster analysis of voxel 
intensities. WMH masks were manually edited by 
following Standards for Reporting Vascular changes on 
neuroimaging guidelines and using 3D-mask editing 
software, Multi-Image Analysis GUI (MANGO; 
http://ric.uthscsa.edu/mango/). Editing was overseen by 
a neuroradiologist (JMW). We manually checked all 
segmented images for accuracy blinded to all clinical 
details, corrected errors, and excluded imaging-detected 
cortical and subcortical infarcts from WMH manually. 
Brain tissue volume and WMH volume normalized by 
ICV were used for the analyses.  
 
Statistical analysis 
 
We used the Statistical Package of Social Science (IBM 
SPSS Statistics 23, SPSS Inc., Chicago, Illinois, USA) 
for paired t-tests, nonparametric analysis (e.g. 
McNemar and Wilcoxon Rank), correlation and 
regression analyses.  
 
A hierarchical linear regression model was used to 
assess whether gait speed at mean age 76 was 
independently predicted by changes in normalized brain 
volume and an increase in normalized WMH volume in 
addition to demographics (sex, age), baseline physical 
factors (height, grip strength, leg cramp, arthritis), and 
baseline vascular risk factors (smoking, diabetes, high 
blood pressure, high cholesterol, BMI). To assess 
whether brain volume and WMH increase 
independently predicted changes in gait speed, the same 
model was applied including gait speed at baseline 
(mean age 73) in the first step. 
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We checked for fulfilment of different assumptions for 
the regression analyses (e.g. linearity, homoscedasticity, 
auto-correlation (Durban-Watson-test), multicollinearity 
(Tolerance and Variance Inflation Factor)). Betas and 
confidence interval (CI), standardized beta-values (βj), 
adjusted R² (explanation of variance) and delta (Δ) 
adjusted R² (displaying incremental explanation of 
variance) in percent are presented for each model in the 
results section. The adjusted R² reflects R² that has been 
adjusted for the number of predictors in the model. R² 
tends to optimistically estimate the fit of the linear 
regression. It always increases as the number of 
predictors increase in the model. Therefore adjusted R² 
attempts to correct for this overestimation. Standardized 
beta coefficients put all of the variables on the same 
scale, and allows a comparison of the magnitude of the 
coefficients to see which one has the larger effect size. 
The level of significance was set at 0.05. 
 
AUTHOR CONTRIBUTIONS 
 
Conception and design of the study: DP, FF, IJD; JW; 
Acquisition and analysis of data: DP, SJR, MEB, MVH, 
JC, SMM, AP, DAD, AJG, JMS, IJD, FF, JW; 
Statistical analysis: DP, IJD, SJR; Study supervision or 
coordination: FF, JW, Obtained funding: IJD, JW. 
Drafting the manuscript: DP, SJR, TG, MVH, JMS, 
IJD, CE, FF, JW; Administrative, technical or material 
support: JC, AP. DP had full access to all the data in the 
study and takes responsibility for the integrity of the 
data and the accuracy of the data analysis. 
 
CONFLICTS OF INTEREST 
 
The authors report no conflicts of interest. 
 
FUNDING 
 
DP receives funding from the Austrian Science Fund T 
690-B23. LBC1936 data collection was supported by 
the Disconnected Mind project funded by Age UK. SJR 
and DAD are funded by the UK Medical Research 
Council (MRC); The brain imaging is part-funded by 
the Scottish Funding Council as part of the SINAPSE 
Collaboration (www.sinapse.ac.uk). The work was 
undertaken by the University of Edinburgh Centre for 
Cognitive Ageing and Cognitive Epidemiology, part of 
the cross council Lifelong Health and Wellbeing 
Initiative (MR/K026992/1). Funding from the 
Biotechnology and Biological Sciences Research 
Council (BBSRC), MRC, the Fondation Leducq 
Transatlantic Network of Excellence for the Study of 
Perivascular Spaces in Small Vessel Disease, ref no. 16 
CVD 05, and the European Union Horizon 2020, PHC-
03-15, project No 666881, ‘SVDs@Target’, is 
gratefully acknowledged. DP has full access to all the 
data in the study and takes responsibility for the 
integrity of the data and the accuracy of the data 
analysis. 
 
REFERENCES 
 
1.   Giladi N, Horak FB, Hausdorff JM. Classification of gait 
disturbances: distinguishing between continuous and 
episodic  changes.  Mov  Disord.  2013;  28:1469–73. 
https://doi.org/10.1002/mds.25672 
2.   Scheffer  AC,  Schuurmans  MJ,  van  Dijk  N,  van  der 
Hooft  T,  de  Rooij  SE.  Fear  of  falling: measurement 
strategy,  prevalence,  risk  factors  and  consequences 
among  older  persons.  Age  Ageing.  2008;  37:19–24. 
https://doi.org/10.1093/ageing/afm169 
3.   Snijders AH, van de Warrenburg BP, Giladi N, Bloem 
BR.  Neurological  gait  disorders  in  elderly  people: 
clinical  approach  and  classification.  Lancet  Neurol. 
2007;  6:63–74.  https://doi.org/10.1016/S1474‐
4422(06)70678‐0 
4.   Verghese J, LeValley A, Hall CB, Katz MJ, Ambrose AF, 
Lipton  RB.  Epidemiology  of  gait  disorders  in 
community‐residing  older  adults.  J  Am  Geriatr  Soc. 
2006;  54:255–61.  https://doi.org/10.1111/j.1532‐
5415.2005.00580.x 
5.   Mahlknecht P, Kiechl S, Bloem BR, Willeit J, Scherfler 
C,  Gasperi  A,  Rungger  G,  Poewe  W,  Seppi  K. 
Prevalence  and  burden  of  gait  disorders  in  elderly 
men  and  women  aged  60‐97  years:  a  population‐
based study. PLoS One. 2013; 8:e69627.  
  https://doi.org/10.1371/journal.pone.0069627 
6.   Pantoni  L.  Cerebral  small  vessel  disease:  from 
pathogenesis  and  clinical  characteristics  to 
therapeutic  challenges.  Lancet Neurol.  2010; 9:689–
701. https://doi.org/10.1016/S1474‐4422(10)70104‐6 
7.   Baloh RW, Ying SH, Jacobson KM. A longitudinal study 
of  gait  and  balance  dysfunction  in  normal  older 
people.  Arch  Neurol.  2003;  60:835–39. 
https://doi.org/10.1001/archneur.60.6.835 
8.   Ahmad  H,  Cerchiai  N,  Mancuso  M,  Casani  AP, 
Bronstein  AM.  Are  white  matter  abnormalities 
associated with “unexplained dizziness”? J Neurol Sci. 
2015; 358:428–31.  
  https://doi.org/10.1016/j.jns.2015.09.006 
9.   Pinter D, Ritchie SJ, Doubal F, Gattringer T, Morris Z, 
Bastin  ME,  Del  C  Valdés  Hernández  M,  Royle  NA, 
Corley J, Muñoz Maniega S, Pattie A, Dickie DA, Staals 
J, et al. Impact of small vessel disease in the brain on 
gait  and  balance.  Sci  Rep.  2017;  7:41637. 
https://doi.org/10.1038/srep41637 
10.  Callisaya ML, Beare R, Phan TG, Blizzard L, Thrift AG, 
Chen  J, Srikanth VK. Brain structural change and gait 
www.aging‐us.com  152  AGING 
decline: a  longitudinal population‐based  study.  J Am 
Geriatr Soc. 2013; 61:1074–79.  
  https://doi.org/10.1111/jgs.12331 
11.  Kreisel  SH, Blahak C, Bäzner H,  Inzitari D, Pantoni  L, 
Poggesi A, Chabriat H, Erkinjuntti T, Fazekas F, Ferro 
JM,  Langhorne  P,  O’Brien  J,  Scheltens  P,  et  al. 
Deterioration  of  gait  and  balance  over  time:  the 
effects of age‐related white matter change‐‐the LADIS 
study. Cerebrovasc Dis. 2013; 35:544–53.  
  https://doi.org/10.1159/000350725 
12.  Zheng  JJ, Delbaere  K,  Close  JC,  Sachdev  P, Wen W, 
Brodaty H, Lord SR. White matter hyperintensities are 
an  independent  predictor  of  physical  decline  in 
community‐dwelling  older  people.  Gerontology. 
2012; 58:398–406.  
  https://doi.org/10.1159/000337815 
13.  Soumaré  A,  Elbaz  A,  Zhu  Y,  Maillard  P,  Crivello  F, 
Tavernier B, Dufouil C, Mazoyer B, Tzourio C. White 
matter  lesions  volume  and  motor  performances  in 
the  elderly.  Ann  Neurol.  2009;  65:706–15. 
https://doi.org/10.1002/ana.21674 
14.  Whitman  GT,  Tang  Y,  Lin  A,  Baloh  RW,  Tang  T.  A 
prospective  study  of  cerebral  white  matter 
abnormalities  in  older  people with  gait  dysfunction. 
Neurology. 2001; 57:990–94. 
 https://doi.org/10.1212/WNL.57.6.990 
15.  Rosano C, Kuller LH, Chung H, Arnold AM, Longstreth 
WT  Jr,  Newman  AB.  Subclinical  brain  magnetic 
resonance  imaging  abnormalities  predict  physical 
functional decline  in high‐functioning older  adults.  J 
Am Geriatr Soc. 2005; 53:649–54.  
  https://doi.org/10.1111/j.1532‐5415.2005.53214.x 
16.  Smith EE, O’Donnell M, Dagenais G, Lear SA, Wielgosz 
A, Sharma M, Poirier P, Stotts G, Black SE, Strother S, 
Noseworthy  MD,  Benavente  O,  Modi  J,  et  al,  and 
PURE  Investigators.  Early  cerebral  small  vessel 
disease  and  brain  volume,  cognition,  and  gait.  Ann 
Neurol. 2015; 77:251–61.  
  https://doi.org/10.1002/ana.24320 
17.  Silbert LC, Nelson C, Howieson DB, Moore MM, Kaye 
JA.  Impact  of  white  matter  hyperintensity  volume 
progression on  rate of  cognitive  and motor decline. 
Neurology. 2008; 71:108–13. 
https://doi.org/10.1212/01.wnl.0000316799.86917.37 
18.  Moscufo  N,  Wolfson  L,  Meier  D,  Liguori  M, 
Hildenbrand  PG, Wakefield  D,  Schmidt  JA,  Pearlson 
GD,  Guttmann  CR.  Mobility  decline  in  the  elderly 
relates to lesion accrual in the splenium of the corpus 
callosum.  Age  (Dordr).  2012;  34:405–14. 
https://doi.org/10.1007/s11357‐011‐9242‐4 
19.  Martín‐Ponce  E,  Hernández‐Betancor  I,  González‐
Reimers  E,  Hernández‐Luis  R,  Martínez‐Riera  A, 
Santolaria  F.  Prognostic  value  of  physical  function 
tests: hand grip strength and six‐minute walking test 
in elderly hospitalized patients. Sci Rep. 2014; 4:7530. 
https://doi.org/10.1038/srep07530 
20.  Willems  SM, Wright DJ, Day  FR,  Trajanoska  K,  Joshi 
PK,  Morris  JA,  Matteini  AM,  Garton  FC,  Grarup  N, 
Oskolkov N,  Thalamuthu A, Mangino M,  Liu  J,  et  al, 
and GEFOS Any‐Type of Fracture Consortium.  Large‐
scale  GWAS  identifies  multiple  loci  for  hand  grip 
strength  providing  biological  insights  into  muscular 
fitness. Nat Commun. 2017; 8:16015.  
  https://doi.org/10.1038/ncomms16015 
21.  Baezner H, Blahak C, Poggesi A, Pantoni L,  Inzitari D, 
Chabriat  H,  Erkinjuntti  T,  Fazekas  F,  Ferro  JM, 
Langhorne P, O’Brien J, Scheltens P, Visser MC, et al, 
and  LADIS  Study  Group.  Association  of  gait  and 
balance  disorders  with  age‐related  white  matter 
changes: the LADIS study. Neurology. 2008; 70:935–42. 
https://doi.org/10.1212/01.wnl.0000305959.46197.e6 
22.  Hortobágyi  T,  Lesinski M, Gäbler M, VanSwearingen 
JM, Malatesta D, Granacher U. Effects of Three Types 
of Exercise  Interventions on Healthy Old Adults’ Gait 
Speed:  A  Systematic  Review  and  Meta‐Analysis. 
Sports Med. 2015; 45:1627–43.  
  https://doi.org/10.1007/s40279‐015‐0371‐2 
23.  Windham  BG,  Griswold  ME,  Wang  W,  Kucharska‐
Newton  A,  Demerath  EW,  Gabriel  KP,  Pompeii  LA, 
Butler  K, Wagenknecht  L,  Kritchevsky  S, Mosley  TH. 
The  Importance of Mid‐to‐Late‐Life Body Mass  Index 
Trajectories on Late‐Life Gait Speed. J Gerontol A Biol 
Sci Med Sci. 2017; 72:1130‐36. 
   https://doi.org/10.1093/gerona/glw200 
24.  Rosso AL,  Studenski  SA,  Longstreth WT  Jr, Brach  JS, 
Boudreau  RM,  Rosano  C.  Contributors  to  Poor 
Mobility  in  Older  Adults:  Integrating  White  Matter 
Hyperintensities  and  Conditions  Affecting  Other 
Systems.  J  Gerontol  A  Biol  Sci  Med  Sci.  2017; 
72:1246–51. https://doi.org/10.1093/gerona/glw224 
25.  Ritchie SJ, Tucker‐Drob EM, Cox SR, Dickie DA, Del C 
Valdés Hernández M, Corley J, Royle NA, Redmond P, 
Muñoz Maniega S, Pattie A, Aribisala BS, Taylor AM, 
Clarke  TK,  et  al.  Risk  and  protective  factors  for 
structural  brain  ageing  in  the  eighth  decade  of  life. 
Brain Struct Funct. 2017; 222:3477–90.  
  https://doi.org/10.1007/s00429‐017‐1414‐2 
26.  Allen  JS,  Bruss  J,  Damasio  H.  The  aging  brain:  the 
cognitive  reserve hypothesis  and hominid evolution. 
Am J Hum Biol. 2005; 17:673–89.  
  https://doi.org/10.1002/ajhb.20439 
27.  Schmidt  R,  Scheltens  P,  Erkinjuntti  T,  Pantoni  L, 
Markus  HS,  Wallin  A,  Barkhof  F,  Fazekas  F.  White 
matter lesion progression:  a  surrogate  endpoint  for  
www.aging‐us.com  153  AGING 
trials in cerebral small‐vessel disease. Neurology.  
2004; 63:139–44. 
https://doi.org/10.1212/01.WNL.0000132635.75819.E5 
28.  Rosano  C,  Sigurdsson  S,  Siggeirsdottir  K,  Phillips  CL, 
Garcia  M,  Jonsson  PV,  Eiriksdottir  G,  Newman  AB, 
Harris  TB,  van Buchem MA, Gudnason V,  Launer  LJ. 
Magnetization  transfer  imaging,  white  matter 
hyperintensities,  brain  atrophy  and  slower  gait  in 
older  men  and  women.  Neurobiol  Aging.  2010; 
31:1197–204. 
https://doi.org/10.1016/j.neurobiolaging.2008.08.004 
29.  Driscoll I, Davatzikos C, An Y, Wu X, Shen D, Kraut M, 
Resnick  SM.  Longitudinal  pattern  of  regional  brain 
volume change differentiates normal aging from MCI. 
Neurology. 2009; 72:1906–13. 
 https://doi.org/10.1212/WNL.0b013e3181a82634 
30.  van  der  Holst  HM,  van  Uden  IW,  de  Laat  KF,  van 
Leijsen  EM,  van Norden AG, Norris DG,  van Dijk  EJ, 
Tuladhar AM, de  Leeuw  FE. Baseline  Cerebral  Small 
Vessel  Disease  is  not  associated  with  Gait  Decline 
after  Five  years.  Mov  Disord  Clin  Pract  (Hoboken). 
2016; 4:374‐82. 
http://doi.wiley.com/10.1002/mdc3.12435 
31.  Studenski S, Perera S, Patel K, Rosano C, Faulkner K, 
Inzitari M, Brach J, Chandler J, Cawthon P, Connor EB, 
Nevitt M, Visser M,  Kritchevsky  S,  et  al. Gait  speed 
and survival  in older adults. JAMA. 2011; 305:50–58. 
https://doi.org/10.1001/jama.2010.1923 
32.  Barnett AG, van der Pols JC, Dobson AJ. Regression to 
the mean: what  it  is  and  how  to  deal with  it.  Int  J 
Epidemiol. 2005; 34:215–20.  
  https://doi.org/10.1093/ije/dyh299 
33.  Langhorne  P,  Coupar  F,  Pollock  A.  Motor  recovery 
after  stroke:  a  systematic  review.  Lancet  Neurol. 
2009;  8:741–54.  https://doi.org/10.1016/S1474‐
4422(09)70150‐4 
34.  Deary  IJ, Gow AJ, Pattie A,  Starr  JM. Cohort profile: 
the  Lothian  Birth  Cohorts  of  1921  and  1936.  Int  J 
Epidemiol. 2012; 41:1576–84.  
  https://doi.org/10.1093/ije/dyr197 
35.  Deary IJ, Gow AJ, Taylor MD, Corley J, Brett C, Wilson 
V, Campbell H, Whalley LJ, Visscher PM, Porteous DJ, 
Starr  JM. The  Lothian Birth Cohort 1936: a  study  to 
examine  influences on  cognitive ageing  from age 11 
to  age  70  and  beyond.  BMC  Geriatr.  2007;  7:28. 
https://doi.org/10.1186/1471‐2318‐7‐28 
36.  Wardlaw  JM,  Bastin  ME,  Valdés  Hernández  MC, 
Maniega  SM,  Royle  NA,  Morris  Z,  Clayden  JD, 
Sandeman EM, Eadie E, Murray C, Starr JM, Deary IJ. 
Brain  aging,  cognition  in  youth  and  old  age  and 
vascular  disease  in  the  Lothian  Birth  Cohort  1936: 
rationale,  design  and  methodology  of  the  imaging 
protocol. Int J Stroke. 2011; 6:547–59.  
  https://doi.org/10.1111/j.1747‐4949.2011.00683.x 
37.  Tiedemann  A,  Shimada H,  Sherrington  C, Murray  S, 
Lord  S.  The  comparative  ability  of  eight  functional 
mobility  tests  for  predicting  falls  in  community‐
dwelling older people. Age Ageing. 2008; 37:430–35. 
https://doi.org/10.1093/ageing/afn100 
38.  Cesari  M,  Kritchevsky  SB,  Penninx  BW,  Nicklas  BJ, 
Simonsick  EM,  Newman  AB,  Tylavsky  FA,  Brach  JS, 
Satterfield S, Bauer DC, Visser M, Rubin SM, Harris TB, 
Pahor M. Prognostic value of usual gait speed in well‐
functioning  older  people‐‐results  from  the  Health, 
Aging and Body Composition Study. J Am Geriatr Soc. 
2005;  53:1675–80.  https://doi.org/10.1111/j.1532‐
5415.2005.53501.x 
39.  Guralnik  JM,  Simonsick  EM,  Ferrucci  L,  Glynn  RJ, 
Berkman  LF,  Blazer  DG,  Scherr  PA,  Wallace  RB.  A 
short  physical  performance  battery  assessing  lower 
extremity  function:  association  with  self‐reported 
disability  and  prediction  of  mortality  and  nursing 
home  admission.  J  Gerontol.  1994;  49:M85–94. 
https://doi.org/10.1093/geronj/49.2.M85 
40.  Hernández MC,  Ferguson  KJ, Chappell  FM, Wardlaw 
JM. New multispectral MRI data fusion technique for 
white  matter  lesion  segmentation:  method  and 
comparison  with  thresholding  in  FLAIR  images.  Eur 
Radiol. 2010; 20:1684–91.  
  https://doi.org/10.1007/s00330‐010‐1718‐6 
